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Abstract
We investigate the daily variability of the East Asian summer monsoon (EASM) by projecting
daily wind anomaly data onto the two major modes of an interannual multivariate Empirical
Orthogonal Functions analysis.Mode 1, closely resembling the Pacific–Japan (PJ) pattern and
referred to as PJ-mode, transits frompositive to negative phase aroundmid-summer consistent
with the Meiyu rains predominantly being an early summer phenomenon. Mode 2, which
is influenced by the Indian summer monsoon (ISM) and referred to as ISM-mode, peaks in
late July and early August and is associated with rainfall farther north over China. We then
analyze the relation between the intraseasonal variation of the EASM and theMadden–Julian
Oscillation (MJO) by analyzing circulation anomalies following MJO events. In the lower
troposphere, the circulation anomalies associated with the MJO most strongly project on
the PJ-mode. MJO phases 1–4 (5–8) favor the positive (negative) phase of the PJ-mode by
favoring the anticyclonic (cyclonic) anomalies over the subtropical western North Pacific. In
the upper troposphere, the circulation anomalies associated with the MJO project mainly on
the ISM-mode.
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1. Introduction
The East Asian summer monsoon (EASM) is a dis-
tinctive component of the global climate system and
brings summer rainfall to the most densely populated
areas of the world. Variability of the EASM on different
timescales is closely associated with summer floods and
droughts over East Asia. Thus, understanding the vari-
ations of the EASM is of great socio-economic impor-
tance.
Several previous studies have described the interan-
nual and decadal variability of the EASM in terms
of multivariate Empirical Orthogonal Functions
(MV-EOF) analysis (e.g. Wang et al., 2008 ; Sun
et al., 2010 ; Wu and Zhou, 2016). The first EOF
is closely related to the Pacific–Japan (PJ) pattern
(Nitta, 1987) and is associated with rainfall anomalies
along the East Asian rain band, including the Yangzte
River valley. The second EOF is influenced by the
Indian summer monsoon (ISM) (Greatbatch et al.,
2013) and is associated with a circumglobal telecon-
nection pattern (Ding and Wang, 2005) and rainfall
anomalies over northern China. In what follows,
we refer to EOF1 as the PJ-mode and EOF2 as the
ISM-mode.
The EASM is also characterized by pronounced
intraseasonal variability, in addition to the distinct inter-
annual and interdecadal variability. The seasonal march
of the EASM and the associated rain belts have been
described by previous studies (e.g. Kang et al., 1999;
Chen et al., 2004; Ding, 2007), which suggest that the
PJ-mode and the ISM-mode also have distinct sea-
sonal cycles. In the present study, we explore the daily
variation of the EASM in terms of the circulation
patterns associated with the major modes of interannual
variability.
As the major mode of tropical intraseasonal vari-
ability, the Madden–Julian Oscillation (MJO; Madden
and Julian, 1971), which propagates northeastward dur-
ing summer with a dominant period of 30–90 days,
plays a crucial role in the monsoon systems of East
Asia (Yasunari, 1979; Zhang et al., 2009; Chen et al.,
2015). These previous studies have documented that
the MJO exerts an influence on rainfall over the EASM
region, e.g. by influencing the western Pacific subtropi-
cal high and the associated moisture transport and verti-
cal motions. In the second part of this study, we show a
connection between theMJO and the intraseasonal vari-
ations of the EASM in terms of the patterns of the two
major modes of interannual variability of the EASM.
Note that the term ‘MJO’ is used here to describe
the tropical intraseasonal oscillation during summer,
though some authors also call it the ‘boreal sum-
mer intraseasonal oscillation (BSISO)’ (e.g. Kikuchi
et al., 2012; Chen et al., 2015) and ‘MJO’ during
winter.
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The paper is arranged as follows: Section 2 describes
the data and methods we use, Section 3 presents the
results, and in Section 4, we provide a summary.
2. Data and methods
To obtain the two major modes of the interannual
variability of the EASM, MV-EOF analysis is carried
out over the EASM region (10∘–50∘N, 100∘–150∘E)
following Sun et al. (2010). The data used here are
June to August (JJA) seasonal mean zonal and merid-
ional wind anomalies from the European Centre for
Medium-Range Weather Forecasts Interim Reanalysis
(ERA-Interim, Dee et al., 2011) at 850 hPa and 200 hPa
for the period 1979–2015. The detailed description of
this method can be found in Text S1 in the Supporting
information and in Sun et al. (2010). Daily variations of
the two major modes are obtained by projecting daily
wind data onto the corresponding spatial patterns of the
two major EOF modes, respectively. The details of the
projection process can be found in Text S2.
Precipitation data from the Climate Prediction Center
Merged Analysis of Precipitation data (CMAP; Xie and
Arkin, 1997) are also used. The real-time multivariate
MJO index (RMM, available at http://www.bom.gov
.au/climate/mjo/graphics/rmm.74toRealtime.txt) as
defined by Wheeler and Hendon (2004) is used to
quantify the MJO (See Text S3 for details). The MJO
is divided into eight phases according to the angle
spanned by its two components, RMM1 and RMM2,
and the MJO amplitude is defined as |MJO|= |RMM1,
RMM2|= [(RMM1)2 + (RMM2)2]1/2 . We also test the
robustness of our results by using other indices for the
MJO (as in Kikuchi et al., 2012; Kiladis et al., 2014),
and obtain similar results, especially for the relation-
ship between the PJ-mode and theMJO, suggesting that
our results are not sensitive to the choice of the index.
(Results based on the Boreal Summer Intraseasonal
Oscillation (BSISO, Kikuchi et al., 2012) index, and
slight differences in the results compared to the MJO
index, are presented in the Supporting Information,
Text S3, S4 and Figures S6–S8.)
The eight phases of the MJO are categorized as
active phases when |MJO| is greater than or equal to
1.5, and the MJO is categorized as suppressed when
|MJO|<=0.30 (this threshold yields similar sample sizes
compared to the other categories), irrespective of the
MJO phase.
3. Results
Figure 1 shows the first two MV-EOFs associated with
the EASM that, respectively, explain 20.1 and 14.9%
of the interannual variance and are well separated from
higher modes according to North et al. (1982). The
regression of CMAP JJA seasonal mean precipitation
anomalies onto the corresponding normalized princi-
pal component time series of the two modes are also
shown. As expected, the first mode resembles the PJ
pattern (Nitta, 1987) at both 850 and 200 hPa. The posi-
tive phase of the PJ-mode is characterized by an anti-
cyclonic anomaly over the subtropical western North
Pacific (WNP) and a cyclonic anomaly over middle
latitude East Asia at 850 hPa (Figure 1(a)). The WNP
anticyclonic anomaly corresponds to a southwestward
extension of the subtropical high and enhanced pre-
cipitation over the East Asian (Meiyu in China) rain
band (Figure 1(a)). At 200 hPa, there is an anomalous
cyclone centered around 135∘E (Figure 1(b)). Associ-
ated with this cyclonic anomaly are anomalous west-
erly winds south of 40∘N and anomalous easterly winds
north of this latitude, corresponding to an equatorward
displacement of the East Asian jet (Lin and Lu, 2005).
The positive phase of the second mode (the ISM-mode)
displays anomalous southerly winds extending north-
ward and covering all of East China at 850 hPa and an
anticyclonic anomaly centered around 120∘E at 200 hPa
(Figures 1(c) and (d)). This mode is influenced by the
ISM (Greatbatch et al., 2013). All of these results are
very similar to those obtained by Sun et al. (2010).
We now project the daily wind anomalies, referring
to the JJA seasonal mean, at 850 and 200 hPa onto
the patterns of the two MV-EOF modes (see details
in Text S2). The climatological seasonal cycles of the
two modes are shown in Figure 2. The PJ-mode is char-
acterized by a well-defined seasonal cycle. It transits
from positive phase to negative phase, changing its sign
in mid-summer. This climatological transition of the
PJ-mode corresponds to the northward progression of
the subtropical high in the lower troposphere and the
East Asian jet in the upper troposphere and is associated
with the occurrence of the Meiyu rains predominantly
in early summer. The ISM-mode also seems to show a
seasonal cycle, though not as strong as the PJ-mode. It
transits from negative phase to positive phase around the
beginning of July, and tends to transit to negative phase
again near the end of August. This mode is associated
with the tendency for rainfall in northern China to peak
later than in the Meiyu rain band further south.
We now connect the intraseasonal variability of the
two modes with the MJO. Figures 3(a) and (b) show
the projection anomalies, referring to the daily mean
climatological seasonal cycle (Figure 2), for the two
EASM modes averaged over the first 5 days after each
MJO phase occurs. The PJ-mode is closely related to
the MJO (Figure 3(a)): Early MJO phases (1–4) are
followed by the positive phase of the PJ-mode, the
PJ-mode showing anomalies of roughly +1 standard
deviation. Late MJO phases (5–8) are followed by the
negative phase of the PJ-mode, the PJ-mode showing
anomalies of up to −2 standard deviations, especially
after MJO phases 6 and 7. The ISM-mode is associated
with the MJO as well (Figure 3(b)): The positive phase
of the ISM-mode follows MJO phases 3 and 4 and
the suppressed MJO, while the negative phase of the
ISM-mode followsMJO phases 7 and 8, with anomalies
of up to −2 standard deviations.
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Figure 1. Spatial patterns of EASM interannual variability. (a and b) The first and (c and d) the second modes of an MV-EOF analysis
on JJA seasonal mean (a and c) 850-hPa winds and (b and d) 200-hPa wind anomalies. Shading indicates the regression of CMAP
seasonal mean precipitation anomalies (mmday−1) onto the normalized time series of the two modes. The first mode is referred
to as the PJ-mode and the second mode as the ISM-mode. The reference arrow in the lower right indicates a velocity anomaly of
1.0m s−1.
To analyze the relative importance of thewind anoma-
lies at 850 and 200 hPa separately, we respectively
project the daily wind anomalies at 850 and 200 hPa
onto the corresponding spatial patterns of the two
EASMmodes. The projection anomalies averaged over
the first 5 days after each MJO category occurs are
shown in Figures 3(c)–(f). The MJO-related projection
anomalies at 850 hPa for the PJ-mode (Figure 3(c)) are
quite similar to those for both levels (Figure 3(a)). The
anomalies at 200 hPa are weak and only significant after
MJO phases 3 and 6 (Figure 3(e)), suggesting that the
MJO-related circulation anomalies at 850 hPa are cru-
cial for the strong projection onto the PJ-mode as seen
in Figure 3(a).
The circulation anomalies at 850 hPa following
MJO events project similarly on the ISM-mode, albeit
weaker, as on the PJ-mode (Figures 3(c) and (d)), per-
haps related to the fact that both the PJ-mode and the
ISM-mode share anticyclonic anomalies over the sub-
tropical WNP (Figures 1(a) and (c)). Furthermore, the
circulation at 200-hPa is important for the MJO-related
projection anomalies of the ISM-mode: MJO phase
4 is followed by the positive phase of the ISM-mode
while MJO phases 7 and 8 are followed by a signifi-
cantly enhanced occurrence of the negative phase of
the ISM-mode (Figure 3(f)). The suppressed MJO also
tends to favor the positive phase of the ISM-mode,
projecting onto the ISM-mode mainly at 200 hPa in
(a)
(b)
Figure 2. Daily climatologies of the projection of circulation
anomalies, referring to the JJA seasonal mean (see Text S2 for
additional details), onto the spatial patterns of (a) the PJ-mode
and (b) the ISM-mode as shown in Figure 1. The gray shadings
mark ±1.0 standard deviation of the projection values from
37 years (1979–2015).
© 2017 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. (2017)
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Figure 3. Daily projection anomalies for the two EASM modes, referring to the seasonal cycles shown in Figure 2, averaged over
the 5 days following the occurrence of each of the 8 active MJO phases (Ph. 1 to Ph. 8) and the suppression of the MJO (weak MJO).
(a and b) 850 and 200 hPa combined, (c and d) only 850 hPa, and (e and f) only 200 hPa. Shaded bars indicate composite anomalies
that are significantly different from zero at the 0.05 level according to a two-tailed Student’s t-test. ‘n’ gives the number of days for
each category.
the northern part of the domain (see Figure S1(i)).
Although, for example, a suppressed MJO during
winter is associated with anomalies like easterly wind
above the equator (Gollan and Greatbatch, 2015), we
cannot explain the anomalies seen here for a suppressed
MJO. Overall, the atmospheric circulation in the EASM
region after certain MJO phases mainly project on the
PJ-mode at lower levels (Figures 3(c) and (d)) and the
ISM-mode at upper levels (Figures 3(e) and (f)).
Figure 4 shows the 850-hPa wind and precipitation
anomalies in the region of the Indian Ocean and western
Pacific averaged over the first 5 days after the occur-
rence of each MJO phase. The corresponding figure
for the 200 hPa is shown in Figure S1. Note that
anomalies in Figure 4, as well as in Figure S1, refer to
the JJA climatological seasonal mean. The anomalies
in Figure 4 are consistent with those shown by previous
studies (e.g. Wheeler and Hendon, 2004; Zhang et al.,
2009; Chen et al., 2015). The evolution of the PJ-mode
as the MJO evolves can be clearly seen: The anomalies
in the EASM region show a clear positive phase of the
PJ-mode after the occurrence of the early MJO phases
(1–4). A significant anticyclonic anomaly appears over
the subtropical WNP (Figures 4(a)–(d)) which is part
of a large-scale anomalous lower-tropospheric easterly
over the tropics flowing towards the enhanced precip-
itation over the Indian Ocean. The wind anomalies at
200 hPa associated with early MJO phases (Figures
S1(a)–(d)) indicate a quasi-opposite flow over the trop-
ics compared to 850 hPa, showing the zonal overturning
© 2017 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. (2017)
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Figure 4. Anomalies of wind at 850 hPa (Vectors; Units: m s−1) and precipitation (Shading; Units: mmday−1) averaged over the
5 days following the occurrence of each of the eight active MJO phases and the suppression of the MJO. Anomalies here refer
to the JJA seasonal mean. Only the composite anomalies that are significantly different from zero at the 0.05 level according to a
two-tailed Student’s t-test are shown. Vectors less than 1.0m s−1 are omitted. The marked area represents the EASM region.
associated with the MJO. The downwelling branch of
this overturning favors the suppressed precipitation over
the tropical WNP, which can in turn favor the anticy-
clonic anomaly over the subtropicalWNP (Nitta, 1987).
Moreover, there are positive precipitation anomalies
over southern China after MJO phases 2–4, that Zhang
et al. (2009) relate to remote forcing via Rossby waves
through a region of mean westerly winds (associated
with the ISM). The wind and precipitation anomalies
associated with lateMJO phases (5–8) are almost oppo-
site compared to early MJO phases, but the signal of
reduced precipitation over southern China as found by
Zhang et al. (2009) is weak here.
At 200 hPa (Figure S1), there is a significant cyclonic
anomaly over northeast Asia after the occurrence of
MJO phases 7 and 8, corresponding to the negative
phase of the ISM-mode. The anomalies to the west of
the EASM region resemble part of the circumglobal
teleconnection pattern along the Asian westerly jet
(around 40∘N), which is associated with the suppressed
precipitation anomalies over India (e.g. Ding andWang,
2007; Moon et al., 2013).
4. Discussion and conclusions
In this study, we explored the intraseasonal variability
of the two major modes of the interannual variability
of the EASM based on a MV-EOF analysis and inves-
tigated its relationship with the MJO. The first EOF
is related to the PJ pattern (hereafter PJ-mode; Nitta,
1987) and the second EOF is influenced by the ISM
(hereafter ISM-mode; Greatbatch et al., 2013). The sea-
sonal cycle of the PJ-mode favors the positive phase
before mid-summer and then transits to negative phase,
corresponding to the tendency for theMeiyu rains along
the Yangtze River valley to occur predominantly in
early summer. The ISM-mode seasonal cycle transits to
the positive phase in July and August, associated with
the occurrence of peak rainfall in northern China later
in the season.
The PJ-mode at 850 hPa is closely associated with
the evolution of the MJO. This connection mainly
occurs at lower-tropospheric levels. Early/late MJO
phases (1–4/5–8) are followed by the positive/negative
phase of the PJ-mode by favoring an anomalous anti-
cyclonic/cyclonic anomaly over the subtropical WNP.
This anticyclonic/cyclonic anomaly is associated with
© 2017 The Authors. Atmospheric Science Letters published by John Wiley & Sons Ltd Atmos. Sci. Let. (2017)
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the suppressed/enhanced precipitation over the tropi-
cal WNP, which is favored by the MJO-related zonal
overturning. The mechanism for the circulation anoma-
lies over the subtropical WNP associated with the
early MJO phases is also probably related to the east-
ward energy propagation by Rossby waves forced by
the MJO-related heating center over the Indian Ocean
through the low-level westerly waveguide (associated
with the ISM), as suggested by Zhang et al. (2009).
At upper levels, the MJO-related circulation anomalies
mainly project on the ISM-mode, which is associated
with a zonally oriented teleconnection pattern influ-
enced by the precipitation anomalies over India forMJO
phases 7 and 8.
Concerning the dynamical link between the EASM
and the MJO, both ways of interaction are possible
based on our results. However, by compositing circula-
tion anomalies afterMJO events, our results more likely
suggest that the MJO influences the EASM. Further-
more, Sun et al. (2010) showed, using a linear baro-
clinic model, that diabatic heating in the tropical Indian
Ocean region can drive the circulation patterns of the
PJ-mode and the ISM-mode associated with the interan-
nual variability of the EASM. Our findings concerning
the relation between the MJO (at least for the active
MJO) and the daily variation of the EASM are con-
sistent with Sun et al. (2010) and suggest that a simi-
lar dynamical link as described by Sun et al. (2010) is
present on intraseasonal timescales. The daily data used
for our analyses (Figures 2–4) may contain variability
that is not ‘intraseasonal’, e.g. synoptics or interannual
variability. However, corresponding analyses based on
25–90 day band-passed filtered data agree well with the
results presented here (see Figures S2–S5).
Taken together, these results show that there is signif-
icant information to be obtained about the EASM from
knowing the phase of theMJO. Being able to predict the
MJO therefore implies predictive skill for the EASM
and, in particular, for intraseasonal rainfall anomalies
over East Asia. Our results also suggest that any interan-
nual variability of the MJO (e.g. Teng and Wang, 2003)
could also influence the interannual variability of the
EASM. These topics remain for future investigation.
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